Flicker adaptation reduces subsequent temporal contrast sensitivity. Recent studies show that this adaptation likely results from neural changes in the magnocellular visual pathway, but whether this adaptation occurs at a monocular or a binocular level, or both, is unclear. Here, two experiments address this question. The first experiment exploits the observation that flicker adaptation is stronger at higher than lower temporal frequencies. Observers' two eyes adapted to 3 Hz flicker with an incremental pulse at 1/4 duty cycle, either in-phase or out-of-phase in the two eyes. At the binocular level, the flicker rate was 6 Hz in the out-of-phase condition if the two eyes' pulse trains sum. Similar sensitivity reduction was found in both phase conditions, as expected for independent monocular adapting mechanisms. The second experiment tested for interocular transfer of adaptation between eyes. Results showed that (1) flicker adaptation was strongest with adapting and test fields in only the same eye, (2) adaptation can be partially transferred interocularly with adaptation in only the opposite eye, and (3) adaptation was weakened when both eyes were adapted simultaneously at different contrasts, compared to test-eye adaptation alone. Taken together, the findings are consistent with mechanisms of flicker adaptation at both the monocular and binocular level.
Introduction
Prolonged viewing of temporal luminance-modulated flicker (flicker adaptation) reduces subsequent contrast sensitivity (e.g. sensitivity to subsequent flicker; Pantle, 1970; Smith, 1971) . The sensitivity reduction can be generalized to flicker at non-adapted temporal frequencies (Nilsson, Richmond, & Nelson, 1975; Shady, MacLeod, & Fisher, 2004) , and the magnitude of adaptation depends on the spatial correspondence between the test and adapting fields (Robinson & de Sa, 2012) . Sensitivity is reduced most when the test flicker is the same size and presented at the same location as the adapting flicker.
Although this flicker adaptation has been well documented in psychophysical studies for decades, the underlying neural mechanism is not fully understood. The primate visual system has parallel visual pathways that convey signals from the retina to the cortex, among which two are most studied: the magnocellular (MC) and parvocellular (PC) pathways (Hubel & Wiesel, 1972; Leventhal, Rodieck, & Dreher, 1981; Livingstone & Hubel, 1988) . Although these pathways have distinguishing neural characteristics and play different roles in various perceptual functions (Callaway, 2005; Kaplan, 2004; Lee, Pokorny, Smith, Martin, & Valberg, 1990; Livingstone & Hubel, 1987 , 1988 , they both process achromatic contrast information (Kaplan & Shapley, 1986) . Studies suggest, however, that flicker adaptation may result from adaptation in the MC pathway but not the PC pathway. A physiological study demonstrates that responses of MC cells but not PC cells are suppressed after prolonged adaptation to a high-contrast temporally-modulated grating (Solomon, Peirce, Dhruv, & Lennie, 2004) . Parallel to this physiological finding, recent psychophysical work demonstrates that flicker adaptation occurs in the inferred MC but not PC pathway of human observers (Zhuang, Pokorny, & Cao, 2015) . In that study, the steady-pedestal and pulsedpedestal paradigms were used (Pokorny, 2011; Pokorny & Smith, 1997) to measure contrast sensitivity in the inferred MC and PC pathways. Results show that MC but not PC contrast sensitivity decreases significantly after adapting to flicker of 20% or higher contrast (following experiments here show that 10% contrast also is sufficient to reduce contrast sensitivity). Further, the reduction http://dx.doi.org/10.1016/j.visres.2015.08.020 0042-6989/Ó 2015 Elsevier Ltd. All rights reserved. of contrast sensitivity is stronger with higher (10 Hz) than lower (2 Hz) temporal-frequency adapting flicker. Thus, both physiological and psychophysical results find flicker adaptation is due to neural response changes in the MC pathway but not the PC pathway.
A remaining question is whether flicker adaptation occurs at a monocular and/or binocular locus in the MC pathway. At the monocular level, the MC and PC pathways are separated from retina to V1 (Callaway, 2005; Kaplan, 2004; Merigan & Maunsell, 1993; Schiller & Logothetis, 1990) . At the binocular level starting from V1, the MC and PC pathways converge, but each pathway still provides predominant input to separate parts of the brain and for different visual functions (Schiller & Logothetis, 1990) . For instance, the MC pathway dominates input to the dorsal visual stream, which plays primary roles in spatial and motion processing; whereas the PC pathway dominates input to the ventral visual stream, which plays primary roles in form and object processing (Haxby et al., 1991; Nassi & Callaway, 2006; Ungerleider & Haxby, 1994) . The current study focuses on determining whether the mechanism(s) of flicker adaptation are at a monocular and/or binocular locus in the MC pathway.
Earlier studies investigating the monocular versus binocular locus have mixed results (Moulden, Renshaw, & Mather, 1984; Schieting & Spillmann, 1987; Smith, 1971; Thabet, Wilkinson, Wilson, & Karanovic, 2013) . Some studies support a monocular adapting mechanism (Smith, 1971) , while others report a binocular component (Schieting & Spillmann, 1987; Thabet et al., 2013) . Different experimental stimuli and paradigms were used in these studies, which may partially explain the inconsistent findings. None of the paradigms in these previous studies assessed contrast sensitivity specifically within the MC pathway.
In the present study, two psychophysical experiments used the steady-pedestal paradigm (Pokorny, 2011; Pokorny & Smith, 1997) to determine whether flicker adaptation occurs at a monocular and/or binocular level in the MC pathway. The first experiment examined whether a phase difference between the adapting flicker presented to the two eyes affected binocular contrast sensitivity. This was examined by exploiting the observation, cited above, that flicker adaptation is stronger at higher than lower temporal frequencies. A pilot experiment for the current study showed 6 Hz flicker leads to a significantly larger contrast sensitivity reduction than 3 Hz flicker. Subsequently, observers adapted to 3 Hz flicker, either in-phase in the two eyes or 180-degree out-of-phase. The flicker in each eye had an incremental pulse at 1/4 duty cycle (83 ms pulse in each 333 ms cycle). At the binocular level, the flicker rate was 6 Hz in the out-of-phase condition if the pulse trains in the two eyes sum. Therefore, if adaptation occurs at the binocular level, the adaptation should be stronger in the out-ofphase than in-phase condition.
The second experiment investigated whether flicker adaptation can be transferred interocularly. In the primate visual system, visual information from each eye is processed separately until at least the lateral geniculate nucleus (LGN) (Blasdel & Fitzpatrick, 1984; Hubel & Wiesel, 1972; Parker, 2007) . Binocular neurons, which combine signals from the two eyes, have been found in V1 and in extrastriate cortex (Parker, 2007) . Using dichoptic stimulation, in which different visual stimuli are presented simultaneously to the two eyes, psychophysical studies can determine whether a process occurs prior to or after the level of binocular combination (D'Antona, Christiansen, & Shevell, 2014; D'Antona, Kremers, & Shevell, 2011; Teixeira et al., 2014) . In this experiment, observers adapted to different stimuli in the two eyes and then monocular contrast sensitivity was measured under various adapting conditions. Critically, if adaptation is purely monocular, then flicker adaptation in one eye alone should not alter contrast sensitivity in the contralateral non-adapted eye.
2. Experiment I -phase effect on binocular contrast sensitivity 2.1. Methods
Observers
Three observers participated in Experiment I (1 male, 22 years, and 2 females 25 and 33 years). One observer was author X.Z. and two observers were naïve. All had normal or corrected-tonormal visual acuity. Participants provided informed consent and the study was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Apparatus
A Sony 19 00 CRT color monitor controlled by an iMac computer was used to display the visual stimuli. The monitor had a refresh rate of 75 Hz and was calibrated for the spectral outputs of the red, green, and blue guns using a Photo Research PR-650 spectroradiometer. Linearity of the light output from each gun was established using an International Light radiometer/photometer (IL-1700). An eight-mirror haploscope was used to project different stimuli to the two eyes. Positions of two of the mirrors were adjustable to accommodate observers' interocular distances for optimal binocular fusion.
Visual stimuli and procedure
A pedestal array of four 1 Â 1°squares was presented at the center of the monitor screen. The pedestal was surrounded by a homogeneous achromatic 18.4°Â 13.8°rectangular field at 12.0 cd/m 2 . A gap of 0.09°separated the four squares from each other. Observers viewed the stimuli from a distance of 49.4 in., and were instructed to fixate throughout the experiment on a cross (0.09 Â 0.09°) centered within the pedestal array. All stimuli were achromatic (MacLeod-Boynton chromaticity coordinates L/(L + M) = 0.665 and S/(L + M) = 1, where the unit of S/(L + M) was normalized to 1.0 for the chromaticity metameric to equal-energyspectrum 'white').
Each experimental block started with 10 s initial adaptation, followed by a staircase procedure with repeated trials. There were three phases in each staircase trial: a 1-s pre-test adaptation phase, a test phase of 26.7 ms, and a post-test adaptation phase that lasted until a response was made by the observer (Fig. 1) . During the initial adaptation, as well as during the two adaptation phases of each staircase trial, the pedestal was shown either steadily at a given fixed luminance level (the average pedestal luminance) or flickering with temporal square-wave luminance modulation around the average pedestal luminance. Observers adapted to either the steady or the flickering pedestal. During the test phase, one of the four squares, randomly chosen, increased or decreased its luminance (this is the test square) while the other three squares remained at the average pedestal luminance. There was a 200 ms interval with the four squares at the average pedestal luminance between phases. The observers' task was to identify the test square in a 4AFC task. In a given experimental block, the average pedestal luminance was fixed and a 2-yes/1-no randomized doublestaircase procedure was used to determine the threshold luminance for discrimination. Each staircase started with an easily discriminable luminance change (a step size of 20% luminance from the average pedestal luminance) and then, whenever a reversal occurred, the luminance change was halved until a minimum step size of 0.3125% was reached. The staircase stopped after the tenth reversal at the minimum step size. The average value of the last six reversals was taken as the discrimination threshold for that pedestal luminance. In each experimental session, thresholds for seven average pedestal luminances were measured in seven randomly . This experimental procedure is virtually the same as in the original steady-pedestal study (Pokorny & Smith, 1997 , where full details of the steady-pedestal paradigm can be found).
In this experiment, contrast sensitivity was measured binocularly with the test square presented in a corresponding retinal position in each eye. There were several experimental adapting conditions, some with a phase difference between the adapting flicker in the two eyes: (1) no flicker (the pedestals in both eyes were steadily presented), (2) 3 Hz in-phase flicker (3 Hz 1/2-dutycycle flicker with 50% Michelson Contrast presented with the same phase in the two eyes), and (3) 3 Hz out-of-phase flicker (3 Hz 1/4-duty-cycle flicker with 50% contrast presented 180-deg out-ofphase in the two eyes). The 1/4 duty-cycle flicker had in each cycle an incremental square-wave pulse of duration 83 ms in each 333 ms cycle. In this condition, the flicker rate was 3 Hz at the monocular level but 6 Hz at the binocular level if the two eyes' pulse trains sum. With this 1/4 duty-cycle manipulation, the time-averaged luminance of the flicker was 25% lower than the pedestal luminance. Therefore, condition (4) was added with 3 Hz out-of-phase-adjusted flicker (same as the 3 Hz-out-of-phase condition but with incremental and decremental luminances of the flicker at 100% and 33.3%, respectively, from the pedestal luminance). This achieved 50% contrast flicker and the same timeaveraged luminance as in the other conditions. Two other conditions tested were (5) 3 Hz in-phase 25%-contrast flicker (same as the 3 Hz-in-phase condition but with flicker modulated at 25% contrast) and (6) 6 Hz in-phase flicker (same as the 3 Hz-in-phase flicker condition but with a flicker rate of 6 Hz).
Note that square-wave (1/2-duty-cycle) flicker has energy at the fundamental as well as odd-harmonic frequencies. The 3rd harmonic is the largest with an amplitude of 33% of the fundamental's amplitude. With 1/4-duty-cycle flicker, energy is at the fundamental frequency and all harmonics; in this case, the amplitudes of the 2nd and 3rd harmonics are 64% and 20%, respectively, of the fundamental's amplitude. Although the amplitude of the 2nd harmonic is substantial, measurements show that it did not alter the logic underlying the measurements here (see Results section).
Data analysis and modeling
Each experimental condition was tested three times on separate days for each observer. Plots show averages of the three repetitions. Each observer's results were analyzed separately. One-way analysis of variance and Fisher-Hayter post hoc pair-wise comparisons were used to evaluate the statistical significance of threshold differences among the various conditions.
The following physiology-based model was used to describe the thresholds (Pokorny & Smith, 1997) :
where I represents pedestal luminance, DI is the estimated discrimination threshold, and K s is the contrast sensitivity in logarithmic units. The rationale and theory underlying the model can be found in Pokorny and Smith (1997) .
Results
Contrast discrimination thresholds [log(DI)] are depicted as a function of pedestal luminance [log(I)] in each condition (Fig. 2) ; lines are model fits from Eq. (1). Results were consistent across all three observers. In every condition, the threshold luminance generally increased with pedestal luminance.
Thresholds were significantly different among the experimental conditions for each observer (F(5, 30) = 56.00, 58.24, and 15.67, p < 0.001 for the 3 observers). Thresholds from the non-flicker condition were significantly lower than those from the flickering conditions (Fisher-Hayter tests: p < 0.05). Also, consistent with a previous study (Zhuang et al., 2015) , higher-frequency flicker (6 Hz) raised thresholds more than lower-frequency flicker (3 Hz) (Fisher-Hayter tests significant in 11 of 12 comparisons: p < 0.05; the single exception was between the 6 Hz in-phase and the 3 Hz in-phase 25%-contrast condition for Obs. #3). Another consistent result was that thresholds were not significantly different among the various conditions with 3 Hz flicker (18 Fisher-Hayter tests, 17 of which were not significant at the p < 0.05 level; the single exception was between 3 Hz in-phase 25%-contrast and 3 Hz outof-phase for Obs. #2, p < 0.05). Note that despite the 64% amplitude Fig. 1 . Schematic diagram of the experimental procedure for the steady-pedestal paradigm. During pre-adaptation, pre-test adaptation and post-test adaptation, the luminance of the four-square pedestal is modulated at a given frequency (3 Hz or 6 Hz, square-wave) and at a given contrast (50%, 25% or 10%). The pedestal was presented to both the left and right eyes, but the luminance modulation in each eye may be different depending on the experimental condition.
of the 6-Hz (2nd harmonic) component from 3 Hz 1/4-duty-cycle flicker, adaptation was much weaker than from 6 Hz 1/2-dutycycle flicker. Thus, flicker adaptation with these stimuli depended primarily on the fundamental frequency. If flicker adaptation occurs at only a binocular level and signals for the two eyes are summed, then reduction of sensitivity in the 3 Hz out-of-phase condition should be larger than in the 3 Hz inphase condition, and similar to that in the 6 Hz in-phase condition. Contrast sensitivity, however, was similar (and not significantly different) with 3 Hz out-of-phase and 3 Hz in-phase flicker adaptation. Only 1 out of 18 tests was significant at the p < 0.05 level. In light of the consistent adaptation difference between 3 Hz in-phase and 6 Hz in-phase flicker, these results are in accord with the hypothesis of independent monocular adapting mechanisms.
It may be that the contrast level with binocular summation of 3 Hz out-of-phase adaptation is lower than in the 6 Hz in-phase condition. Perhaps lower contrast leads to weaker adaptation in the 3 Hz out-of-phase condition than the 6 Hz in-phase condition. Separate results, however, from the condition with 3 Hz flicker modulated at only 25% contrast (3 Hz in-phase-25%) do not support this possibility. Similar sensitivity reduction was found after adapting to flicker with only 25% contrast (the 3 Hz in-phase-25% condition) compared to 50% contrast. This finding replicates results of a previous study showing that flicker at either 20% or 50% contrast causes similar contrast-sensitivity reduction (Zhuang et al., 2015) .
Finally, comparing the 3 Hz out-of-phase and 3 Hz out-ofphase-adjusted conditions, which have the same contrast and phase but unequal time-averaged adapting luminances, reveals they are never significantly different, as expected if a modest different in time-averaged adapting luminance does not affect contrast adaptation. Overall, results from this experiment can be explained by flicker adaptation at only a monocular level.
Experiment II -interocular transfer
In Experiment I, both eyes received equal contrast adaptation, and the test field was presented to both eyes. This provided a similar strength of monocular-level adaptation in both eyes. A possibility is that monocular-level adaptation in each eye is dominant, with weaker adaptation at also a binocular level. To consider this possibility, the test stimulus was presented monocularly, which allowed direct testing of interocular transfer of adaptation. Other monocular and binocular flicker-adaptation conditions also were tested in addition to adapting to flicker presented to only one eye and then measuring monocular contrast sensitivity in only the contralateral non-adapted eye.
Methods

Observers
Two new naïve observers (1 male, 22 years and 1 female, 33 years) and author X.Z. participated in Experiment II. In addition, two other naïve observers (1 male, 20 years and 1 female, 26 years) and the author X.Z. participated in a pre-test validation experiment. All had normal or corrected-to-normal visual acuity.
Visual stimuli and procedure
The stimuli and procedures were similar to Experiment I except that the adapting conditions were different; in addition, monocular (left-eye only) contrast sensitivity was measured. All flicker adaptation was at 1/2 duty cycle. Seven different adapting conditions were tested. (1) no flicker (the pedestals in both eyes were steadily presented), (2) 10%-left flicker (3 Hz flicker with 10% contrast presented to only the left eye, and a steady pedestal to the right eye), (3) 50%-right flicker (3 Hz flicker with 50% contrast presented to only the right eye, and a steady pedestal to the left eye), (4) 10%-left-50%-right in-phase flicker (3 Hz flicker with 10% and 50% contrast presented to the left and right eye, respectively, in phase), (5) 10%-left-50%-right-90-phase flicker (3 Hz flicker with 10% and 50% contrast presented to the left and right eye, respectively, 90-degree out-of-phase), (6) 10%-left-50%-right-180-phase flicker (3 Hz flicker with 10% and 50% contrast presented to the left and right eye, respectively, 180-degree out-of-phase), and (7) 10%-left-50%-right-270-phase flicker (3 Hz flicker with 10% and 50% contrast presented to the left and right eye, respectively, 270-degree out-of-phase). During the test phase, the test square was presented to only the left eye, while all four squares remained at the steady average pedestal luminance in the right eye. Thresholds for 6 pedestal luminances were determined: 7.6 cd/m 2 , 9. results compared to the in-phase condition [condition (4)]. The other two phases (90-degree and 270-degree out-of-phase) were chosen to test phase differences that could not result in nulling or in-phase transients from the left and right eyes at the binocular level.
A pre-test validation experiment was run to verify that 50% contrast flicker caused stronger adaptation than 10% contrast flicker.
The following adaptation conditions were tested: (1) no flicker; (2) 10%-left flicker and (3) 50%-left flicker (3 Hz flicker with 50% contrast presented to only the left eye, and a steady pedestal to the right eye). Conditions (1) and (2) were the same as immediately above.
Results
Pre-test validation of contrast manipulation
Thresholds were significantly different among the three pretest conditions for every observer ( Fig. 3; F(2, 10) = 100.14, 114.63, and 96.27, p < 0.001 for all three observers). Flicker adaptation significantly increased discrimination thresholds in the 10%-left and 50%-left conditions compared to the no flicker condition (Fisher-Hayter tests: p < 0.05). Importantly, thresholds in the 50%-left condition were significantly higher than thresholds in the 10%-left condition (Fisher-Hayter tests: p < 0.05). This confirms that with all else equal, 50%-contrast same-eye flicker adaptation causes greater sensitivity reduction than 10%-contrast same-eye flicker adaptation. Conditions (1) and (2) are consistent with results in the main experiment (below).
Main experiment -interocular transfer
Contrast discrimination measurements with model fits from Eq. (1) are shown in Fig. 4. Fig. 4a shows results for all experimental conditions; for viewing convenience, Fig. 4b shows only four of the conditions. Thresholds were significantly different among experimental conditions for each observer (F(6,30) = 44.20, 33.01, and 12.34, p < 0.001 for all three observers). Thresholds from the no flicker condition were significantly lower than from all flickering conditions (Fig. 4a , Fisher-Hayter tests: p < 0.05). Moreover, thresholds in the 10%-left condition were significantly higher than those in the 50%-right or 10%-left-50%-right-in-phase conditions for all observers (Fig. 4b , Fisher-Hayter tests: p < 0.05). Thresholds in the 50%-right condition were not significantly different from those in the 10%-left-50%-right-in-phase condition (Fig. 4b) . In addition, among the four different phase conditions, thresholds were significantly different for 3 of the 18 pairwise tests for the three observers, including between 10%-left-50%-right-in-phase and 10%-left-50%-right-90-phase conditions for Obs. #2, and between the 10%-left-50%-right-in-phase and 10%-left-50%-righ t-270-phase conditions for Obs. #2 and #3 (Fisher-Hayter tests: p < 0.05). The Fisher-Hayter test protects for multiple comparisons (that is, the probability is less than 5% of even one significant pairwise comparison by chance for each subject), so finding 3 of 18 significant differences is an important finding.
If adaptation does not occur at a binocular level, the prediction would be no interocular transfer of adaptation between eyes. In other words, adaptation in one eye would not affect sensitivity in the contralateral non-adapted eye. The current results, however, show that the left-eye contrast sensitivity is reduced when flicker is presented to only the right eye. This strongly suggests adaptation at the binocular level.
While interocular transfer reveals that each eye does not adapt independently, an alternative to a binocular neural mechanism is a non-neural factor. Pupil size in the two eyes is consensual, so stimulation in only one eye alters the pupil size in the other eye (Bressloff, Wood, & Howarth, 1996; Kimura, Abe, & Goryo, 2014) . The pupillary response to flicker is a constriction, comparable in magnitude to a higher steady light level than the time-average luminance of the flicker (Drew, Sayres, Watanabe, & Shimojo, 2001; Troelstra, 1968) . Based on these previous findings, we estimated the size of the pupil under flicker conditions by using the highest luminance in the flicker stimulus. In the 50%-right flicker condition, the highest flicker luminance presented steadily would cause pupillary area to fall by about 10% in both eyes, compared to the pupil size for the true time-average luminance (de Groot & Gebhard, 1952) . This leads to a 10% reduction for all adaptinglight levels (contrast is not affected, of course). The 10% change in pupil area is unlikely to affect sensitivity in the non-adapted eye. In fact, Experiment I showed that reducing the timeaveraged adapting luminance by 25% (in the 3 Hz-out-of-phase condition compared with the 3 Hz-in-phase condition) did not significantly alter the level of adaptation.
In addition, as mentioned above when the left-eye (10%) and right-eye (50%) flicker were presented together, the phase difference between the left-eye and right-eye flicker caused some changes in left-eye contrast sensitivity. This cannot be explained by a monocular adapting mechanism or pupil size, so indicates a binocular mechanism contributes to flicker adaptation. Interestingly, comparing the conditions with 10%-left-50%-right (for most phases) and the condition with 10%-left alone (Fig. 4) showed that adding 50%-contrast flicker in the non-test eye reduced the contrast threshold in the test eye (p < 0.05). That is, introducing 50% contralateral flicker reduced the magnitude of adaptation from 10% same-eye flicker, which indicates interocular suppression of adaptation from contralateral flicker adaptation.
Interocular suppression often refers to a phenomenon with dissimilar stimuli presented to each of the eyes, with one of the stimuli dominantly perceived while the other is suppressed from perception. One eye's stimulus (with, say, higher contrast or motion) can dominate perception (Blake & Logothetis, 2002; Sterzer, Stein, Ludwig, Rothkirch, & Hesselmann, 2014; Tsuchiya & Koch, 2005) . Previous studies propose that interocular suppression affects processing in the MC pathway (Hong & Blake, 2009; Ooi & Loop, 1994) . In experiments here with the 10%-left-50%-right conditions, the higher-contrast adapting stimulus (50%-contrast flicker) in the non-test eye may have suppressed signals from the lower-contrast test-eye adapting stimulus (10%-contrast flicker), leading to adaptation driven mainly by the contralateral stimulus. This, of course, would implicate a mechanism at a binocular locus.
Discussion
Changes in perception caused by flicker adaptation likely result from adaptation in the MC pathway (Solomon et al., 2004; Zhuang et al., 2015) . Here, two experiments investigated whether the mechanisms mediating this adaptation are at a monocular and/or binocular level in the MC visual pathway. Experiment I showed that a phase difference between the adapting flicker in the two eyes did not alter flicker adaptation, as measured by binocular contrast sensitivity. This is consistent with independent monocular adapting mechanisms. Experiment II, however, showed that adaptation in one eye alone reduced monocular contrast sensitivity in the contralateral non-adapted eye, indicating an interocular influence on adaptation, as expected from a binocular adapting mechanism.
Visual adaptation is a general property (Kohn, 2007; Webster, 2011) that can occur for various visual functions, including contrast adaptation (Adorjan, Piepenbrock, & Obermayer, 1999; Ross & Speed, 1991) , chromatic adaptation (Belmore & Shevell, 2011; Kehoe & Grossman, 1994; Pokorny, Jin, & Smith, 1993) 2014; Webster & MacLeod, 2011) . Visual adaptation can occur at multiple stages of visual processing (Dhruv, Tailby, Sokol, & Lennie, 2011; Kohn, 2007; Baccus & Meister, 2002 , 2004 Chander & Chichilnisky, 2001 ). Of particular interest here is a recent study of flicker adaptation conducted with migraine patients (Thabet et al., 2013) . Although their study used different experimental procedures and stimuli than the work here, their results suggest a three-stage adaptation model for flicker. The three stages are strong adaptation at the monocular level, weaker adaptation at the binocular level, and feed-forward inhibitory monocular neurons that modulate adaptation at the binocular level.
Results from the current study are consistent with the first two levels of adaptation of their model. Under this model, adaptation in the 10%-left condition in Experiment II affects neural mechanisms at both the monocular (labeled here '10%-mono') and binocular ('10%-bino') levels, whereas adaptation in the 50%-right condition reflects adaptation at the binocular level alone ('50%-bino'). The results showed that adaptation strength in the 10%-left condition was about twice that in the 50%-right condition (2.1, 2.3, and 1.9 times for the three observers; Fig. 4 ). Assuming additive adaptation at different levels, these results suggest that the overall adaptation (monocular + binocular) from 10%-contrast same-eye flicker is about twice the binocular level adaptation from the 50%-contrast contralateral flicker; that is ð10%-monoÞ þ ð10%-binoÞ % 2 Â ð50%-binoÞ:
Assuming that 50%-contrast flicker causes stronger binocular adaptation than 10%-contrast flicker (50%-bino > 10%-bino), then Eq. (2) implies that ð10%-monoÞ þ ð10%-binoÞ > ð50%-binoÞ þ ð10%-binoÞ;
which implies ð10%-monoÞ > ð50%-binoÞ:
Eq. (4) gives the result that adaptation at the monocular level from 10%-contrast flicker (10%-mono) is greater than adaptation at the binocular level from 50%-contrast flicker (50%-bino). Thus adaptation is weaker at the binocular than monocular level, as proposed by Thabet et al. Finally, the current results suggest also a third inhibitory adapting mechanism between monocular and binocular levels. Results from Experiment II showed that adaptation strength in the 10%-left-50%-right condition was substantially lower than in the 10%-left condition (and also similar to that in the 50%-right condition). A possible explanation is that when 10%-contrast flicker was presented to the test eye together with 50%-contrast flicker to the non-test eye, adaptation in binocular and/or monocular pathways of the test eye were suppressed, resulting in weaker adaptation compared to the 10%-left condition. This possibility also is in accord with the Thabet et al. model.
